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Abstract

In an effort to provide additional information on the coordination of Cr3* in chlorites,
complete structural refinements were undertaken of two chromian chlorites from Day Book
Body, North Carolina, and Siskiyou Co., California, both of which have been reported to
contain predominantly tetrahedral Cf*. In addition, eight one-dimensional electron density
projections were constructed from X-ray intensity data taken from eight different chromian
chlorites, three of which were reported to have tetrahedral Cf*. The one-dimensional projec-
tions indicate the Ct'* and other heavy atoms to be concentrated in the interlayer octahedral
sites. There is good agreement between the number of electrons per formula unit derived
from integration of cation electron density peaks and the number calculated from the micro-
probe analyses under the assumption that all heavy atoms are concentrated in the interlayer.
Both three-dimensional studies were done on IID-4 polytypes in triclinic space group Cl. In
both structures the Cf* was preferentially concentrated in the M(4) octahedron on the in-
version center within the interlayer. Si and Al were found to be disordered over the two inde-
pendent tetrahedra. Sy'e propose that a combination ofcation repulsion and crystal field ef-
fects concentrates the Cf* in the M(4) octahedron, and that a disordered Si,Al distribution in
tetrahedral sites provides the most favorable balance of charge around M(4). The cell angle c
was found to be triclinic, and it is postulated that repulsion between the tetrahedral and M(4)
cations causes this slewing of the structure. As no evidence of Cf* in tetrahedral coordina-
tion was found, we propose that the nemes kotschubeite and kiimmererite be discarded.

Introduction and nomenclature of d spacings of certain reflections against percent
Chromium-bearing chlorites long have been of CrrOr. On the basis of his results, Lapham proposed

considerable mineralogical interest because of their that the name kdmmererite be used for chromian
pleasing pink to red to violet colors. There has been chlorites with octahedral Cf* and that kotschubeite
lack of agreement as to the structural location of the be used when the Cf* coordination was tetrahedral.
chromium, however, and as to the most appropriate McCormick (1975) described a chlorite containing
species or variety names. both octahedral and tetrahedral chromium, wheri

Lapham (1958) in the first detailed investigation of coordination was determined by difering dissolution
chromian chlorites studied the variations in optical, rates during acid leaching. He proposed that Lap-
chemical, X-ray, and thermal properties of eight ham's classification be revised so that kimmererite
chromium-bearing chlorites in relation to the amount include chlorites with Cr"' = Cd', and kotschubeite
of chromium present. He found that for chlorites include chlorites with Cr"r < Cl". Using this nomen-
containing less than 2Vo CrrOt there was no signifi- clature McCormick classified his specimen as kot-
cant change in the properties, and suggested that the schubeite.
prefx "Cr" be added to the accepted Fe-Mg nomen- Damodaran and Somasekar (1976) studied a
clature. In chlorites having more than 2olo CrrOr, "kiimmererite" from the Nuggihalti Schist Belt, In-
however, Lapham observed significant variations in dia, using Laphnm,s determinative methods. Their
the analyzed properties, reportedly depending on results indicated the Cr3* to be tetrahedrally coordi-
whether the Cf* was tetrahedrally or octahedrally nated, and therefore the specimen to be kotschubeite
coordinated. Coordination was determined by plots instead of kdmmererite.
w3--wx/80/0102-oll2$02.00 rr2
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Besnus et al. (1976) postulated the presence ofhex-
avalent Cru* in tetrahedral coordination in a pinkish-
violet chlorite from Campo-Formoso, Brazil, primar-
ily on the basis of Bsce spectra. This finding is stated
by Professor R. Wey, in whose laboratory the spectra
were recorded. to be the result of an incorrect inter-
pretation of the ESCA spectra by the authors (per-
sonal communication, 1975). In addition, wet-chem-
ical analysis and Mossbauer spectra both indicate
Fe2* to be present in this sample, and the presence of
such a highly oxidized ion as Cru* is unlikely in close
association with Fe'*.

Crystal field theory suggests that Cf* has a large
preference for octahedral coordination (Burns, 1970,
p. l2). In fact, Burns and Burns (1975) could find no
well-documented examples of Cf* in tetrahedral
coordination among Cr-bearing minerals. Neuhaus
(1960) gives optical absorption spectra for chromian
chlorite from which a crystal field splitting energy of
63 kcal can be calculated (Burns, 1970). Neuhaus
(1960) concludes further that the red-purple color of
chromian chlorite can only occur if the Cf * is in the
interlayer octahedral sheet. If the Cf* were in the 2:l
octahedral sheet, the color should be green as in
fuchsite. Of the three X-ray structural studies done to
date on Cr-rich chlorites, none have had tetrahedral
Ct'*; instead chromium is preferentially concentrated
in the interlayer octahedral sheet' (Steinfink, 1958;
Brown and Bailey, 1963; Lister and Bailey, 1967).

In the most diagnostic study to date, Bish (1977)
examined ten chromian chlor i tes, including
McCormick's specimen and several of Lapham's
specimens, using X-ray and optical spectrographic
methods to determine the coordination of Cf*. Ab-
sorption spectra gave no indication of tetrahedral
coordination but were entirely consistent with oc-
tahedral coordination of Ct'*. Application of X-ray
determinative curves to the 00/ reflections indicated
that most of the heavy atoms were in the interlayer
sheet for his specimens. As suggested by Bayliss
(1975), Bish proposed that the names kotschubeite
and k6mmererite be dropped and that the prefixes
"Cr" or "chromian" be attached to the appropriate
chlorite species name.

In an effort to provide additional information on
Cf* coordination in chlorites. we undertook a com-
plete three-dimensional structural refinenent of two

rlnferred, in the case of the Steinfink structure, from bond
lengths calculated by the pr€s€nt authors from his coordinates and
from a l-dimensional electron density projection for a crystal from
tle same locality.

chlorites, both previously classified as kotschubeites.
In addition, we studied eight chromium-bearing
chlorites, three of which have been classified as kot-
schubeites, with one-dimensional Fourier techniques
to determine the sheet in which the Cr3* is concen-
trated.

One-dimensional electron density projections

Precession photographs were taken of eight chro-
rrian chlorites from different localities, and the crys-
tals exhibiting the sharpest 00/ reflections were se-
lected for further study. All crystals, except those of
the San Benito specimen, showed streaking of k # 3n
reflections. However, as only 00/ data were to be col-
lected, this did not pose a problem. Microprobe anal-
ysis was done on all crystals, and structural formulas
based on 28 positive charges were computed for each
sample. The results are shown in Table l. Each crys-
tal was mounted on a Syntex P2, automated diffrac-
tometer, and unit-cell parameters were determined
using least-squares refinement of medium-angle -re-
flections. The Nuggihalli specimen is of interest as it
shows a three-layer periodicity rn the hOl reflections
and has a c rcpeat of 43A with a, B, I all roughly
equal to 90". All the other specimens have a l-layer
monoclinic-shaped unit cell with B = 97". Slnce reg-
ular stacking is not present, the true cell symmetry
cannot be determined.

The intensities of 00/ and 00/ reflections were re-
corded to 20 : 96" in a variable scan mode with an
automated single-crystal diffractometer using graph-
ite-monochromatized MoKa radiation. Only reflec-
tions for which I > 2o(I) were considered observed,
and one reflection was monitored every ten reflec-
tions to check for crystal and electronic stability. Ab-
sorption corrections were made empirically by com-
paring 00/ intensities to complete V scans (10"
increments in 6) for selected reflections at 20 inter-
vals of l0'. 00/ and 00/ were averaged after Lorentz-
polarization corrections were made. The results were
used to construct a one-dimensional electron density
projection at 3o intervals for each crystal. The pro-
jection for the Lancaster County, Pennsylvania, spec-
imen is illustrated in Figure I as a representative ex-
ample. The z/c coordinates, temperature factors, and
cation multiplicities were varied by least-squares re-
finement to give a final residual of 7.4Vo for this speci-
ment. Calculated structure factors were used to scale
and assign phases to the observed data.

Examination of the electron density projection for
each crystal indicated the scattering power of the in-
terlayer octahedral sheet to be appreciably greater
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Table l. Electron microprobe analyses of ten chromian chlorites

t\Ir. z

A 1 2 0 3  1 5 . 2 3  L 5 . 3 7

s 1 0 2  3 2 . 2 0  3 1 . 5 8

c r 2 9 3  3 . 1 6  3 . 3 7

M c O  3 5 .  s 6  3 4 , 9 3

T i 0 2  0 . 0 3  0 , 0 4

l , l l l o  0 .00  0 .00

F e 0 x  1 , 1 9  L . 4 2

N i o  0 . 2 4  0 . 2 Q

H20oo l -2 .39  13 .10

1. Day Book Body, North Carolina

2.  S isk iyou Co. ,  Ca l l fo rn ia

3. Bil inbaievsk, Urals Mtns.

4 .  L a n c a s t e r  C o . ,  P a .

5 .  Shet land Is lands

6.  Nugg iha l l i  Sch ls t  Be l t ,  Ind ia

7. Deer Creek, l, lyoming

8. Gumushane, Turkey

9.  Ingess iah  H i l1s ,  Sudan

10.  San Ben i to  Co. ,  Ca l i fo rn ia

1 1 . 9 9  L 4 , 2 5  1 0 . 5 6  9 . 2 9  1 0 . 8 3  1 . 9 6  1 0 . 7 8  1 6 . 8 4

32 .25  33 .87  33 . s0  33 .99  32 .93  32 .73  34 .L5  30 .82

5 . 2 7  t . 5 2  4 . L 7  5 . 1 8  5 . 5 2  8 . 3 1  4 . 5 1  2 , 5 6

36 .03  37 .02  35 .31  37 .25  36 .45  34 .88  35 .57  33 .98

0 . 0 1  0 . 0 1  0 . 0 r  0 . 0 6  0 . 0 2  0 . 0 0  0 . 0 0  0 . r 0

0 . 0 r  0 . 0 0  0 . 0 1  0 . 0 1  0 . 0 1  0 . o 2  0 . 0 0  0 . 0 1

0 . 9 5  0 . 8 3  t . 6 2  L . 2 0  1 . 3 6  2 . 2 9  0 . 7 7  2 . 2 5

0 . 0 9  0 .  1 6  0 . 1 4  0 . 2 2  0 . 0 8  0 . 0 0  0 . 3 4  0 . 1 6

1 3 . 4 0  1 2 . 3 4  1 3 . 7 0  ! 2 . 8 r  t 2 . 8 r  1 3 . 8 2  1 2 . 8 7  1 3 . 2 8
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A77 iron preseDt shown as FeO.

H^O computed bu di f ference-
z -

than that ofthe 2:l octahedral sheet, which suggests
the presence of the heavier atoms in the interlayer.
Although the Lancaster chlorite shown in Figure I
has the smallest number of heavy atoms by analysis,
the contrast in peak heights is evident and allows
quantitative evaluation. Electron counts were ob-
tained by extrapolating the electron density peaks to
the base line, integrating the areas, and scaling them
to make one oxygen equal to nine electrons. The
counts for the tetrahedral cations of the eight chlo-
rites are all within one electron of the ideal value of
23.75 for two Si,Al cations (Table 2). This variarion
is less than the estirnated error of extrapolation and
integration, so that the presence of Cf* in tetrahe-
dral coordination can be excluded for these speci-
mens.

The electron counts for the 2:l octahedral sheet in-
dicate a composition close to Mg, * (33 electrons for
50Vo ionuation) for all eight specimens. All the oc-
tahedral trivalent cations and heavy atoms, therefore,
must be concentrated in the interlaver sheet. The to-

tal of octahedral Al*Cr is generally smaller than the
amount of tetrahedral Al, so that all the Fe found by
microprobe analysis must be Fe'* in five specimens
and a mixture of Fe3* and Fe'* in two other speci-
mens. The indicated compositions of the component
sheets are listed in Table l. The essential correctness
of this allocation is indicated by two lines of evi-
dence. Firstly, the electron counts calculated for the
listed compositions compare favorably with the ob-
served values (Table 2). Secondly, calculated elec-
tron density peak heights based on these composi-
tions agree closely with the observed peak heights, as
shown in Figure I for the Lancaster chlorite.

The one-dfunensional projections and microprobe
analyses indicate that the 2:l layer of all eight chlo-
r i tes is essent ial ly that of  ideal c l inochlore
Mg,(SL-,A1,)O,o(OH), with x : O.77 to 1.07. The
tetrahedral charge is compensated entirely within the
interlayer hydroxide sheet by a combination of Al,
Cr, and Fe3*. The Cf* ranges from 0.ll to 0.64
atoms per formula unit.
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Fig. l. One-dim€nsional electron density projection for chromian chlorite from Lancaster County, Pennsylvania. Calculated density is

shown as dashed line, where not coincident with observed densitv.
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Three-dimensional structural refinements

Experimental

Chromian chlorite crystals from the Day Book
Body, North Carolina, and from Siskiyou County,
California, were selected for detailed study because
oftheir sharp reflections and lack ofstreaking of the
k * 3n reflections due to stacking faults. The Day
Book Body chlorite, classified as kotschubeit€ by
McCormick (1975) and kindly supplied by him, is
pale violet in color and is found in dunite where it is
intergrown with olivine and chromite. The crystals
are optically positive with 2V ranging between 29o
and 42", and with refractive indices of a : f :
1.590(2) and 7 - 1.593(2). The single crystal selected
for study was 0.35 x 0.25 x 0.005 mm, and least-
squares refinement of 13 medium-angle reflections
on a Syntex P2, automated diffractometer yielded
unit-cell parameters of a:5.327(2), b :9.227(4), c :
14.356(6), a : 90.45(3), B : 97.35(3), and y -
89.98(3). The Siskiyou County chlorite (NMNH
#104723), donated both by Mrs. Davis Lapham and
D. L. Bish and identified by Lapham (1958) as con-
taining predominantly tetrahedral chromiun, is uni-
axial to biaxial positive with 2V ranging from 0o to
15", and with refractive indices of a : 1.579, B :
1.580, and Y : 1.583 (Lapham, 1958). The single
crystal is 0.35 x 0.25 x 0.06 mm, and least-squares
refinement of 15 medium-angle reflections yielded
unit-cell parameters of a: 5.334(2), b :9.228(3), c :

14.371(8)A, a : 90.53(6), B : 97.43(3), and y :
8e.e0(2).

Using graphite-monochromatized MoKc radia-
tion, l44l and 1790 non-zero intensity reflections
were collected from the Day Book Body and Sis-
kiyou County crystals, respectively, in four quad-
rants of the limiting sphere from 2" <20 < 90o. The
reflections were collected in the 20:0 vaiable-scan
mode. and two standard reflections were monitored
after every 50 reflections to check for crystal and
electronic stability. Reflections were considered ob-
served if I > 2o(I), where 1: [S - (8, + B2)/B)7,, S
being the scan count, ,8, and B, the background, .8,
the ratio of background time to scan time, and I the
20 scan rate in degrees per minute. o(I) was calcu-
lated from standard counting statistics. The reflec-
tions were corrected for Lorentz-polarization effects
and empirically for absorption by comparing the
data to complete V scans (l0o increments in S) for
selected reflections spaced at 5o intervals of 2d. The
structure amplitude values are given in Table 3.'

Refinement

Precession photographs of the Day Book Body and
Siskiyou County chlorites showed them to be tri-

2 Table 3 may be obtained by ordering Document AM-80-122
from the Business Office, Mineralogical'society of America,2000
Florida Ave., N.W., Washington, D.C. 20009. Please remit $1.00
in advance for the microfiche.
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Table 2. Electrons per cation plane from one-dimensional density
proJecrrons

of pseudosymmetry that occurs when the Cl atom
parameters are derived by expanding the Cl parame-
ters over the inversion centers, the pseudosynmetry-
related atoms must first be moved off their symme-
try-related positions before refinement in Cl can
begin. This was done by the distance least squares
program oprDIS of W. A. Dollase (University of
California, Los Angeles), which produced a set of ap-
proximate atomic coordinates for each of the four
tetrahedral ordering models. Subsequent refinement
of the four models in each of the structures by oRFLs
showed that, although the problem of high correla-
tions had been removed, the R factors and atomic
coordinates failed to converge for these models, in-
dicating the space group Cl to be incorrect. Succes-
sive least-squares cycles on individual models re-
sulted in atomic coordinates with tetrahedral bond
distances trending toward disorder, i.e. the postulated
smaller Si sites became larger, while the postulated
larger Al-rich sites became smaller. All four ordering
models were rejected, therefore, and the structure
was assumed to be tetrahedrally disordered in space
group Cl.

The final refinement of each structure in space
group Cl consisted of alternating cycles of electron-
density difference maps and least-squares refine-
ment. Cation site occupancies were adjusted after
each cycle until a flat difference map was obtained.
The difference maps proved to be very sensitive to
small changes in the heavy-atom concentration.
Least-squares refinement of the Slskiyou County
structure was done with onnts, while refinement of
the Day Book Body structure was done using both
oRFLs and program RFINE (Finger and Prince, 1975).
The same values of cation site occupancies (Table 7)
were obtained for the Day Book Body chlorite by us-
ing difference maps to adjust occupancies and by us-
ing nrINe to constrain the occupancies to the micro-
probe composition. Seventeen low-angle reflections
indicated by nnne to have anomalous extinction
factors were removed from the data set of the Day
Book Body chlorite, and subsequent fefinement with
anisotropic thermal parameters with Al, Cr, and
other heavy atoms ordered in M(4) reduced the R
factor from 6.3Vo to 6.0Vo (wR: 6.3Vo). Similar refine-
ment of the Siskiyou County structure with onrls
reduced the R factor from6.3Vo to 5.9Vo (wR : 7.0Vo).

At this stage of the refinement the four hydrogen
atoms were searched for and found in each of the
structures on electron-density difference maps.
Atomic coordinates for the four hydrogen positions
were calculated using Booth's (1948, p. 62-65)

SmpIe  Ioca t lon ElecErons per foro1a unit

CalculaEed* Observed

Bilimabaievsk
U r a l s  M t 6 . ,  U S S R
(usNM #16261)

Lowrs Chromlte l [ ine,
I - a n c a s t e r  C o . ,  P a ,
(Wn. Penn MeD.
Museun #M2628)

s e ! t e r s ,  u n s t ,
Shet land Ialands
(w.D. chr ist ianson-
Minerals /11.072.005)

Nugglhal l i  Schlsr
Be1t,  India
Darcdaran end
SoMsekar,  1976)

Deer Creek,
Wyooing
(usNru / i93908)

Gunushane, Turkey
(David New-Uinerals)

Ingessiah Hi116,
Sudan
(A. A1 Mlshwr)

S a n  B e n i t o  C o . ,
Ca1if .  (David
New-MInera1s)

te t rahedra l

in te r layer

2 : 1  o c t .

t  e t r  ahedra l

in te r layer

2 : 1  o c t .

te t rahedra l

ln te r layer

2 : 1  o c t .

te t rahedra l

io te r layer

2 : 1  o c t .

te t tahedra l

i.nt erlayer

2 :  1  o c t .

te t rahedra l

in te r laye !

2 : 1  o e t .

te t rahedra l

in te r layer

2 : 1  o c t .

te t rahedra l

in t  e r layer

2 : 1  o c t .

24
39

24
36

2 4
39
33

2 4
39
33

24
40
33

24

33

2 4

33

3 8
33

39
34

25
35
30

39
32

23
35
33

30

25

3 1

) 1

39
2 9

39
3 4

CalcuTated fron xhe nicroprobe anaTgses, assuming 5O"4
ionizaXion and aff octahedtaf ttivalent cations and heavg
atoms concenf ra ted  in  the  in te t faqet .

clinic, and by comparison with photographs of other
chlorites they were found to be of the polytype 116-4.
As a first step the ideal coordinates given in Bailey
and Brown (1962) in space group CT were refined by
the least-squares program oRFLS. With the results of
the microprobe analyses (Table l), scattering factors
were calculated from the values reported in Inter-
national Tables for X-ray Crystallography (1962) un-
der the assumption of half-ionization of the atoms
and cation disorder over the available sites. The
sense of the Z axis was determined by comparison of
{ and { values. Using unit weights, the residual R,
converged to 6.3Vo (wR : 1.l%o) for the Day Book
Body chlorite, and to 6.3Vo (wR : 7.0Vo) for the Sis-
kiyou County chlorite. At this stage of refinement,
bond lengths for both structures indicated that Cf*
and Al were concentrated in interlayer octahedral
site M(4), while no ordering of Al occurred between
the two independent tetrahedral sites.

Although no tetrahedral ordering was indicated in
space group Cl, ordering of Al still could possibly
occur in sub-group symmetry Cl. To test this possi-
bi.lity, four tetrahedral ordering models were postu-
lated that would be ordered in symmetry Cl but
disordered in Cl. Because of the high degree
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method for location of electron density maxima, and
these unrefined coordinates are reported in Table 4
for the Siskiyou County structure as they yield rea-
sonable bond lengths (whereas subsequent oRFLs re-
finement of the hydrogen positions moved the atoms
unreasonably close to the oxygen atoms to which
they were bonded). On the other hand, the H-O
bond distances of the Day Book Body structure
lengthened slightly upon refinement to become more
reasonable, and thus the refined hydrogen atom
coordinates are listed in Table 4 for this specimen.
By comparing the heights of the hydrogen peaks,
which were about 2.5 times the background, to the
height of an oxygen peak that had been deliberately
left out of one round of refinement, the atoms H(l),

H(2), H(3), and H(4) of the Day Book Body and Sis-
kiyou County structures were found to represent
0.24,0.41,0.37, 0.51 and 0.53, 0.34,0.40,0.45 elec-
trons respectively. When these four atoms were in-
corporated into the least-squares refinement (but
were not varied in the Siskiyou County structure) the
residual decreased from 6.0Vo to 5.9Vo (wR : 6.2Vo)
for the Day Book Body structure, and decreased
from 5.9Vo to 5.6Vo (wR : 6.6Vo) for the Siskiyou
County structure.

Discussion

Some important structural features are shown in
Table 5, and the calculated bond lengths and angles
are listed in Table 6. Comparison of the refined

Table 4. Final atomic coordinates and tempcraturc factors

3 z gB r  s9 r z$ z zi s o .  B

o H ( r )  0 . 6 9 r 5 ( 5 )  0 . 3 3 3 8 ( 4 )  0 . 0 7 2 7 ( 3 )  1 . 0 2 ( 9 )  0 . 0 0 5 ( r )  0 . 0 0 3 3 ( 4 )  0 . 0 0 2 3 ( 2 )  - 0 . 0 0 0 2 ( 5 )  0 . 0 0 0 4 ( 3 )  0 . 0 0 0 3 ( 2 )
o H ( 2 )  0 . r 5 8 2 ( 7 )  - 0 . 0 0 0 9 ( 4 )  0 . 4 3 0 5 ( 3 )  1 . 4 5 ( r 0 )  0 . 0 1 r ( r )  0 . 0 0 4 2 ( 4 )  o . o o z z ( 2 )  - 0 . 0 0 r 1 ( 6 )  0 . 0 0 0 r ( 4 )  0 . 0 0 0 2 ( 2 )
o n ( 3 )  0 . r 3 4 9 ( 7 )  0 . 3 3 9 6 ( 4 )  0 . 4 3 0 3 ( 2 )  r . 4 3 ( 1 0 )  0 . 0 1 2 ( r )  0 . 0 0 4 2 ( 4 )  o . o o 2 2 ( 2 )  - 0 . 0 0 0 8 ( 5 )  0 . 0 0 0 s ( 4 )  0 . 0 0 0 4 ( 2 )
o H ( 4 )  0 . 6 3 5 r ( 7 )  0 . r 5 8 2 ( 4 )  0 . 4 3 0 8 ( 3 )  r . 4 4 ( r 0 )  0 . 0 0 9 ( r )  0 . 0 0 3 8 ( 4 )  o . O O 2 2 ( 2 )  - 0 . 0 0 0 3 ( s )  - 0 . 0 0 0 2 ( 4 )  0 . 0 0 0 r ( 2 )
o ( r )  0 . 1 9 3 5 ( 5 )  0 . r 6 7 3 ( 4 )  0 . 0 7 6 9 ( 3 )  0 . 9 9 ( 9 )  0 . 0 0 5 ( r )  0 . 0 0 2 9 ( 4 )  0 . 0 0 2 4 ( 2 )  - 0 . 0 0 0 8 ( s )  0 . 0 0 0 6 ( 3 )  0 . 0 0 0 4 ( 2 )
o ( 2 )  0 . 5 9 3 8 ( 5 )  0 . 0 0 1 r ( 4 )  0 . 0 7 6 7 ( 3 )  r . 0 3 ( 9 )  0 . 0 0 6 ( r )  0 . 0 0 2 5 ( 4 )  0 . 0 0 2 3 ( 2 )  - 0 . 0 0 0 9 ( 5 )  0 . 0 0 0 5 ( 3 )  0 . 0 0 0 0 ( 2 )
o ( 3 )  o . 2 r o 7 ( 7 )  o . 3 3 5 4 ( 4 )  0 . 2 3 3 3 ( 3 )  r . 5 ( 1 )  0 . 0 1 3 ( r )  0 . 0 0 4 0 ( 4 )  0 . 0 0 2 6 ( 2 )  - 0 . 0 0 1 3 ( 6 )  0 . 0 0 0 4 ( 4 )  0 . 0 0 0 3 ( 2 )
o ( 4 )  0 . 5 r 5 r ( 7 )  0 . 1 0 4 5 ( 4 )  0 . 2 3 3 4 ( 3 )  r . 4 ( r )  0 . 0 r 0 ( r )  0 . 0 0 4 0 ( 4 )  0 . 0 0 3 0 ( 2 )  - 0 . 0 0 0 r ( 5 )  0 . 0 0 0 3 ( 4 )  - 0 . 0 0 0 2 ( 2 )
o ( 5 )  0 . 0 r 4 8 ( i )  0 . 0 6 7 4 ( 4 )  0 . 2 3 3 0 ( 3 )  1 . 5 ( l )  0 . 0 0 9 ( r )  0 . 0 0 5 2 ( 5 )  0 . 0 0 3 0 ( 2 )  - 0 . 0 0 r 7 ( 6 )  0 . 0 0 0 3 ( 4 )  0 . 0 0 0 7 ( 2 )

M(1  )  0 .0000  0 .0000
M ( 2 )  0 . 0 0 r s ( 3 )  0 . 3 3 3 5 ( 2 )
M ( 3 )  - 0 . 0 0 0 8 ( 3 )  0 . r 6 5 7 ( 2 )
M(4 )  0 .0000  0 .5000
r ( r )  o . 2 3 2 8 ( 2 )  0 . r 6 8 8 ( r )
r ( 2 )  0 . 7 3 3 2 ( 2 )  0 . 0 0 2 2 ( r )

H ( r )  0 . 6 8 7 ( 1 6 )  0 . 3 4 3 ( 9 )
H ( 2 )  0 . 1 2 7 ( r 6 )  0 . 0 1 2 ( 9 )
H ( 3 )  0 . 1 2 9 ( 1 6 )  0 . 3 s 1 ( 9 )
H ( 4 )  0 . 6 0 8 ( 1 6 )  0 . r 5 7 ( 9 )

M( r )  0 .0000  0 .0000
M(2 )  0 .0014 (3 )  0 .3337 (2 )
M ( 3 )  - 0 . 0 0 0 6 ( 3 )  0 . 1 6 6 7 ( 2 )
r { ( 4 )  0 .0000  0 .5000
r ( r )  o . 2 3 2 6 ( 2 )  0 . r 6 9 2 ( 1 )
r ( 2 )  0 . 7 3 3 1 ( 2 )  0 . 0 0 2 3 ( r )

o H ( r )  0 . 6 9 2 3 ( 6 )  0 . 3 3 3 9 ( 4 )
o H ( 2 )  0 . 1 5 7 5 ( 7 )  - 0 . 0 0 1 1 ( 4 )
0 H ( 3 )  0 . r 3 3 4 ( 5 )  0 . 3 4 0 2 ( 4 )
0 H ( 4 )  0 . 6 3 3 5 ( 6 )  0 . r 5 7 0 ( 4 )
o ( 1 )  0 . r 9 3 2 ( 6 )  0 . r 5 7 5 ( 4 )
o ( z )  0 . 6 9 3 0 ( 6 )  0 . 0 0 0 9 ( 4 )
o ( 3 )  0 . 2 1 0 8 ( 7 )  0 . 3 3 6 7 ( 4 )
0 (4 )  0 .5162 (7 )  0 .1045 (4 )
0 ( 5 )  0 . 0 r 5 4 ( 7 )  0 . 0 6 8 2 ( 4 )

H ( 1 )  0 . 7 0 5 4  0 . 3 3 r 8
I t (  2  )  0 .  I 52 l  O ;OO27
H(3 )  0 .  1320  0 .3445
r{(4)  0.6L25 0.1527

0 . 0 0 0 0  r . 4 0 ( 6 )
- 0 . 0 0 0 1 ( r )  1 . 4 1 ( 5 )
0 . 4 9 9 9 ( r )  r . 4 9 ( 5 )
0 . 5 0 0 0  1 . r 0 ( 5 )
0 .  r 9 2 0 (  r  )  0 . 8 r  ( 4 )
0 . 1 9 r 9 ( r )  0 . 8 r ( 4 )

Day  Dook  Body ,  N .  C .

0 . 0 0 9 r ( 6 )  0 . 0 0 4 2 ( 3 )
0 . 0 0 8 9 ( 4 )  0 . 0 0 4 r ( 2 )
0 . 0 1 0 9 ( 5 )  0 . 0 0 4 3 ( 2 )
0 . 0 0 5 7 ( s )  0 . 0 0 2 3 ( 2 )
0 . 0 0 4 0 ( 4 )  0 . 0 0 1 9 ( 2 )
0 . 0 0 3 7 ( 4 )  0 . 0 0 2 0 ( 2 )

S i s k i y o u  C o . ,  C a I i f .

0 . 0 r r 6 ( 6 )  0 . 0 0 3 7 ( 2 )
0 . 0 r r s ( 4 )  0 . 0 0 3 8 ( 2 )
0 . 0 1 3 6 ( 5 )  0 . 0 0 4 5 ( 2 )
0 . 0 r 1 2 ( 5 )  0 . 0 0 3 5 ( 2 )
0 . 0 0 8 8 ( 4 )  0 . 0 0 2 9 ( 2 )
0 . 0 0 9 1 ( 4 )  0 . 0 0 2 9 ( 1 )

0 . 0 r 2 ( 1 )  0 . 0 0 3 5 ( 4 )
0 . 0 1 6 ( 1 )  0 . 0 0 5 2 ( 4 )
0 . 0 1 4 (  I  )  0 . 0 0 s 3 ( 4 )
0 . 0 1 2 ( r )  0 . 0 0 5 5 ( 4 )
0 . 0 r 0 ( r )  0 . 0 0 3 r ( 4 )
0 . 0 1 1 ( 1 )  0 . 0 0 3 3 ( 4 )
0 . 0 2 0 ( r )  0 . 0 0 5 0 ( 4 )
0 . 0 r 6 ( 1 )  0 . 0 0 5 6 ( 5 )
0 . 0 r 5 ( r )  0 . 0 0 6 5 ( 5 )

0 . 0 0 2 9 ( 1 )
0 .00298  (8  )
0 ,00332  (8  )
o .oo224 (9 )
0 .00214  (8  )
0 .00215  (8  )

- 0 .0004 (3 )
- 0 . 0 0 0 6 ( 2 )
-0 .0008 (2 )
- 0 . 0 0 0 8 ( 2 )
-0 .0007  (  2  )
- 0 . 0 0 0 5 ( 2 )

0 . 0 0 0 7 ( 2 )
0 . 0 0 0 6 ( r )
0 . 0 0 0 6 ( 2 )
0 .0005  (  2  )
0 .0004 (  I  )
0 . 0003  (  r  )

0 . 0002  (  r  )
0 . 0 0 0 1 2 ( 8 )
0 . 0 0 0 r 8  ( 9  )
0 .0002  (  1  )
0 . 0 0 0 1 6 ( 8 )
0 .00018  (  8 )

-0 .0001  (  I  )
- 0 .000 r9  (6 )
-0 .0000 r  ( 8 )
-0 .00004 (9 )
-0 .00001  (6 )
-0 .0000 r  ( 6 )

0 . 0 0 0 r ( 2 )
0 . 0 0 0 1  ( 2 )
0 .0002  (  2 )
0 . 0 0 0 0 ( 2 )
0 . 0 0 0 r ( 2 0
0 . 0 0 0 0 ( 2 )

- 0 , 0 0 0 2 ( 2 )
-0 .0004 (2 )

0 . 0 0 0 2 ( 2 )

0 . 1 4 2 ( 6 )  1 . 5
0 . 3 7 1 ( 6 )  1 . 5
0 . 3 6 7  ( 6 )  r . 5
0 . 3 6 8 ( 6 )  1 . 5

0 . 0 0 0 0  r .  1 2 ( 4 )
0 . 0 0 0 0 ( r )  1 . 1 3 ( 3 )
0 . 5 0 0 0 ( r )  r . 3 7 ( 3 )
0 . 5 0 0 0  r . 0 5  ( 3  )
0 . r 9 2 0 ( r )  0 . 7 9 ( 3 )
0 . r 9 1 9 ( 1 )  0 . 8 r ( 3 )

0 . 0 7 3 r  (  2 )  1 . 0 2  ( 6 )
0 .4302 (2 )  1 .26 (7 )
0 . 4 3 0 r  ( 2 )  r . 2 7  ( 7 )
o  . 4307  Q)  1  . 23  (7  )
0 . 0 7 6 6 ( 2 )  0 . 9 2 ( 6 )
0 . 0 7 5 6 ( 2 )  0 . 9 4 ( 6 )
0 . 2 3 3 r ( 2 )  1 . 5 4 ( 7 )
o .2340 (2 )  1 .50 (7 )
0 . 2 3 3 0 ( 2 )  r . 5 5 ( 7 )

0 . 1 3 7 5  1 . 5
0 . 3 6 2 5  r , 5
0 . 3 6 3 5  r . 5
0 . 3 6 t 7  1 . 5

0 . 0 0 r 0 9  ( 8 )
0 . 0 0 1 0 8 ( 6 )
0 . 0 0 1 4 r  ( 6  )
0 . 0 0 1 0 0 ( 7  )
0 . 0 0 0 6 5 ( 5 )
0 .00069  (5  )

0 .0007  (  I  )
0 . 0 0 0 6 ( r )
0 . 0 0 0 8 ( 1 )
0 . 0 0 0 8 ( l )
0 . 0 0 0 8 ( 1 )
0 . 0 0 0 9 ( r )
0 , 0 0 1 0 (  1  )
0 , 0 0 r 0 (  r  )
0 . 0 0 1 0 (  I  )

0 . 0 0 r 9  ( 3 )
0 . 0 0 i 7  ( 2  )
0 . 0 0 r 9 (  2 )
0 . 0 0 r 6  (  2  )
0 . 0 0 i 8 (  2 )
0 . 0 0 1 7 ( 2 )

o . o o 2 5 ( 5 )
0 . 0 0 2 6  (  5  )
0 . 0 0 2 5 ( 5 )
0 . 0 0 2 8 ( 5 )
0 . 0 0 2 3 ( 5 )
0 .0024  (5  )
0 . 0 0 0 7 ( 6 )
0 .0025  (6  )

- 0 ,000 r  ( 6 )

0 . 0 0 0 0 ( 2 )
0 . 0 0 0 0 ( 1 )
0 . 0 0 0 s ( r )
0 . 0 0 0 2 ( r )
0 .0001  (  r  )
0 . 0001  (  r  )

0 . 0 0 0 0 ( 3 )
0 .0002  (  3  )
0 . 0 0 0 3 ( 3 )
0 .0000  (  3  )
0 . 0 0 0 1  ( 3 )
0 . 0 0 0 3 ( 3 )

- 0 . 0 0 0 r ( 3 )
-0 .0002  (3  )
- 0 . 0 0 0 2 ( 3 )
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Tet rahedra l  ro ta t iona

o . . .  ( .  )

Te t rahedra l  ang leD

t g . 6 ( " )

OcEahedra l  f le tEen ingc

V o c  t ( ' )

. .  d

Sheet Thickness (; . )
t e t r a h e d r a l
2 : 1  o c l a h e d r e l
inter layer

lnEerlayer separat ion

Azave Bes6t o*yge. ( i )

b i d e a t - ( ' )

T ( 1 ) r  r 1 0 . 7
T ( 2 ) !  1 1 0 , 8

M ( r  ) ,  M ( 2 ) !  5 8 . 8

M ( 3  ) :  6 I . 5
u ( 4 ) :  5 9 , 8

m s ( ' )  ( o o )

u ( I  ) :  5 . 6  4 0 . 1
v ( 2 ) .  4 . 9  3 1 . 9
M ( 3 ) :  8 , 5  9 4 . 0
M ( 4 ) :  6 . 9  5 5 . 3

2 . 2 4 1
2. t47
1 . 9 7 6

2 , 8 I 0

0 . 0 0 5

9 7 . I 1

Table 5. Important structural features

D a y  B o o k  B o d y ,  S i s k i y o u  C o . ,
Par&etet

6 , 0

T ( t ) !  1 I 0 , 8
r ( 2 ) : 1 t 1 , 0

M ( I ) ,  u ( 2 ) :  5 8 . 0

M ( 3 )  :  6  1 . 2
u<Art  59.4

m s ( " )  ( o 0 )

M (  1 )  :  5 . 7  3 4 , 9
Y ( 2 ) t  5 , 7  3 4 . 9
H ( 3 ) :  9 . 3  9 3 , 9
M ( 4 ) r  6 . 6  4 8 . 0

2 . 2 5 1
2. t50
1 . 9 E 6

2 . E 0 7

0 . 0 1 4

9 7 . 1 1

rca leu la ted  
f "on  d  =  1 '2  |  t2o" -nem c , -0 , -0 ,  ang le  I

bDef lned as  r  =  0  - - -T- -0 .  . -  
o* "ooo2or " * r r . "  

n "  ,on .or " .
a P r c a r

'The rean actahedral mgLe calculated f?on eos,l - act. thicknesq

dioided by 2 (E-o,oH) rdeal ualue is 54.?3".
dRas octahedtal d1:ato"tion pameter is defined b! DaLLaee (1969)

as the m'-detiation of the 15 octahed?al mgLea fron their ideaL lalueg

( o ^ )  ; s  d e f i n e d  b a  R o b i r e o n  e l  a L ,  ( 1 9 7 1 )  a s  ( o ^ ) 2  - -  t ( 0 , - 9 0 ) 2 / 1 7 ,
u  _  "  _ ^  

I = l  
.

Dhe?e 6. i6 the obseroed A--14--0 mgle.

" B ru"^r= 
1Bo" -"o"- |  

1  ̂1 sc).

atomic positions of the two structures with the ideal
positions given in Bailey and Brown (1962') shows
that cation substitution and ordering have produced
distortions in the structure. Preferential ordering of
the trivalent cations into the interlayer M(4) site has
produced a smaller octahedron and is believed to be
responsible also for the triclinic cell angle a. The in-
dividual octahedra are flattened and distorted to dif-
fering extents. The tetrahedra have rotated to form
ditrigonal rings in which the basal oxygens approach
more closely the octahedral cations in the 2: I layer
as well as the interlayer hydroxyls. Inspection of the z
coordinates in Table 4 shows that both O(4) and
OH(4) have been raised slightly above their respec-
tive anion planes, an effect more pronounced in the
Siskiyou County specimen. This is thought to be
caused by attraction between the O(4) anion (whose
charge, due to Alr" substitution, is not fully satisfied)
and the trivalent cations in the M(4) interlayer site
above. As O(a) is raised, anion-anion repulsion
would tend also to raise the overlying OH(a) hy-
droxyl, in effect "keying" the structure together
slightly. As O(a) is the closest of the basal oxygens to
M(4), it would be attracted to the greatest extent.

Cation ordering

The mean bond lengths listed in Table 6 indicate
the nature of the cation ordering occurring in both
structures. Site M(4) is considerably smaller than the
other three octahedral sites, indicating that the tri-
valent A1, Cr, and Fe3* are preferentially located
here. Electron density difference maps indicate that
the small amounts of Fe2* and Ni present also are in
this site. The mean bond lengths of the two inde-
pendent tetrahedra are identical, indicating that no
ordering of AlI" occurs. Table 7 lists the observed
mean bond lengths involving the six cations, along
with the bond lengths calculated for the cation occu-
pancy that has been allocated to each site on the
basis of the structure determinations and the micro-
probe analyses. The calculated and observed mean
bond lengths are very close for the tetrahedral sites
and within 0.01A for octahedral sites M(l) to M(3) in
both structures, with the effective ionic radii of Shan-
non (1976). The calculated distances for M(4), how-
ever. are 0.03 to 0.044 shorter than the observed val-
ues. This should not be taken as evidence for a larger
cation in M(4), as the deviation is due to the pattern
of shared edges within the ordered interlayer sheet.

M(4) containing the trivalent interlayer cations lies
on an inversion center and is surrounded symmetri-
cally by a hexagon of M(3) octahedra ssalaining Mg.
The M(3) octahedra are larger than the M(4) octahe-
dron and are severely flattened (lt : 61.2", 61.5",
Table 5) and distorted [(or)' :93.9,94.0, Table 5] in
order to fit onto the smaller and more regular M(4)
octahedron l* : 59.4", 59.8o and (o)' : 48.0, 55.31.
The distortion of M(3) octahedra arises from having
to share diagonal edges both with each other and
with M(4), whereas M(4) shares edges only with
M(3) in a symmetrical manner. The OH groups on
these latter shared edges also are parts of shared
edges between adjacent M(3) octahedra, however,
and cannot approach the M(4) cation more closely
without distorting M(3) octahedra to an even greater
extent. In a laterally unconstrained octahedral sheet,
such as in a mica, deviations of this sort from ideality
can be eliminated by lateral shortening of cell edges,
but in a chlorite the interlayer must remain extended
laterally in order to bond effectively with tri-
octahedral 2: I layers above and below. Observed
M(4)-OH bonds therefore remain appreciably longer
than ideal.

The Cr3* and other octahedral trivalent cations
provide the excess positive charge required to bal-
ance the negative charge due to substitution of Al''
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Table 6. Calculated bond lengths and angles

l l 9

D a y  B o o k  B o d y ,  N .  C .

Bond Lengths (A) nond Angtes (  ) Bond Lengths (A)

S i s k i y o u  C o . ,  C a l i f ,

Aond Angleb ( )

T e t r a h e d r o n  T ( l ) T e t r a h e d r o n  T ( l )

o ( r )  r . 639 (4 )  o ( r ) - - o (3 )  2 .716 (6 )  o (1 ) - - o (3 )  r 10 .9 (2 )  o ( r )  1 . 645 (3 )  o ( r ) - - o (3 )  2 .7 r8 ( '  o ( r ) - - o (3 )  uo .7 (2 )
o ( 3 )  r . 6 6 1 ( 4 )  o ( 4 )  2 . 7 1 3 ( 5 )  o ( 4 )  1 1 0 . 8 ( 2 )  o ( 3 )  r . 6 5 9 ( 4 )  o ( 4 )  2 . 7 2 1 ( 5 )  o ( 4 )  r r 0 . 9 ( 2 )
o ( 4 )  r . 6 5 7 ( 4 )  o ( 5 )  2 , 7 1 2 ( 5 )  o ( 5 )  1 1 0 . 6 ( 2 )  o ( 4 )  r . 6 6 7 ( D  o ( s )  2 . 7 1 6 ( 5 )  o ( 5 )  r r o . 8 ( 2 )
o (5 )  I . 660 (4 )  o (3 ) - - o (4 )  2 .584G)  o (3 ) - - o (4 )  r 08 .0 (2 )  o (5 )  r . 654 (4 )  o (3 ) - - o (4 )  2 .689 (5 )  o (3 ) - - o (4 )  rO1 .sQ)
I tean T:65E- o(5)  2,693(6) o(5)  108.4(2)  Mean r ,656 0(5)  2.688(6) O(5) 108.4(2)

o (4 ) - - o (5 )  2 .686 (5 )  o (4 ) - - o (5 )  ! 0s .2 (2 )  o (4 ) - - o (5 )  2 .686$ )  o (4 ) - - o ( s )  l o8 .o (2 )
Hean 2.nL Meen iat:i- Mean 2.704 Meatr I09J

O c t a h e d r o n  M ( 1 ) O c t a h e d r o n  M ( l )

o ( I ) x 2  2 . 0 8 2 ( 4 )  o ( 1 ) - - o ( 2 ) x 2  3 . 0 7 2 $ )  o ( l ) - - o ( 2 ) x 2  9 5 . 0 ( r )  o ( r ) x 2  2 . 0 8 5 ( 3 )  o ( r ) - - o ( 2 ) x 2  3 . 0 8 2 ( 5 )  o ( r ) - - o ( 2 ) x 2  9 5 . 2 ( r )
o ( 2 ) x 2  2 , 0 8 5 ( 4 )  o s ( r ) x 2  3 , 0 7 7 $ )  o H ( r ) x 2  9 5 . 9 ( r )  o Q ) x 2  2 . 0 8 8 ( 3 )  o H ( I ) x 2  3 . 0 7 8 ( 5 )  o H ( l ) x 2  9 5 . 9 ( 2 )

o H ( 1 ) x 2  2 . 0 5 7 ( 4 )  o ( 2 ) - o H ( r ) x 2  3 . 0 7 4 $ )  o ( 2 ) - o l r ( r ) x 2  9 5 . 9 ( r )  o H ( r ) x 2  2 , 0 6 2 ( ,  o ( 2 ) - o H ( r ) x 2  3 . 0 8 0 ( 5 )  o ( 2 ) - o H ( l ) x 2  9 5 . 9 ( 1 )
tlean 2fi5 Mean 3.0i4- Mean 95.6 ltean 2.078 Mean 3.080 Meao g5.7

(unshared) (unshared) (unshared) (unshared)

T e t r a h e d r o n  T ( 2 )

o (2 )  r . 641 (4 )  o (2 ) - - o (3 )  2 .716 (s )
o (3 )  r . 655 (4 )  o (4 )  2 .7 r9G)
o (4 )  r . 663 (4 )  o (5 )  2 .707 (5 )
o (5 )  r . 652 (4 )  o (3 ) - - o (4 )  2 .684G)
M e a n  1 . 6 5 3  O (  5  )  Z . 6 i B ( 5 )

o ( 4 ) - - o ( 5 )  2 . 6 8 5 ( 5 )
Mean 2,694

o ( 1 ) - - o ( 2 ) x 2  2 . 8 L 4 ( 5 )
o H ( 1 ) x 2  2 . 7 7 3 ( 5 )

o ( 2 ) - o H ( I ) x 2  2 . 7 7 1 ( 5 )
uean 2 .786

(  shared)

Octahedron M(2)*

o ( 1 )  2 . 0 8 8 ( 4 )  o ( r ) - - o ( 2 )  3 . 0 8 0 ( 5 )
o ( 2 )  2 . 0 8 3 ( 4 )  o H ( r )  3 . 0 i 8 ( s )

o H ( 1 )  2 . 0 5 5 ( 4 )  O ( 2 ) - O H ( r )  3 . 0 8 3 ( 5 )
o ( l A )  2 . o 7 6 ( 4 )  o ( r A ) - o ( 2 A )  3 . 0 7 5 ( 5 )
o ( 2 A )  2 . 0 8 5 ( 4 )  O H ( r A )  3 . 0 7 4 ( 5 )

o H o A )  2 . 0 5 7 ( 4 )  o ( 2 A ) - O H ( r A )  3 . 0 7 1 ( 5 )
Mean 2 .076 Mean 3 .077

(unshared )

( uns hared )

o H ( 2 ) - O H ( 2 A )  2 . 7 7 r ( 8 )
o H ( 3 A )  2 . 6 1 0 ( 5 )

oH(3) -oH(3A)  2 .769(8)
o H ( 4 A )  2 . 6 0 3 ( 5 )

on(4) -o r r (4A)  2 .763(8)
o H ( 2 A )  2 . 6 0 1 ( 5 )

Mean 2 .686
(  shared)

o ( 2 ) - - o ( 3 )  r r r . o ( 2 )  o e )
o (4 )  r r 0 .8 (2 )  0 (3 )
o ( 5 )  1 r 0 . 6 ( 2 )  o ( 4 )

o (3 ) - - o (4 )  108 .0 (2 )  o (5 )
o (5 )  f 08 ,2 (2 )  l t ean

o (4 ) - - o (5 )  r 08 .2 (2 )
M e a n  1 0 9 . 5

Tetrahedron T(2)

r . 6 4 4 ( 4 )  o ( 2 ) - - o ( 3 )  2 . 1 r 6 ( s )
r . 6 5 4 ( 4 )  o ( 4 )  2 . 7 2 6 ( 5 )
r . 6 6 2 ( 4 )  o ( 5 )  2 . 7 1 8 ( 5 )
r . 6 6 4 ( 4 )  o ( 3 ) - - o ( 4 )  2 . 6 8 0 ( 5 )
r . 6 5 6  0 ( 5 )  2 . 6 9 0 ( 5 )

o ( 4 ) - - o ( 5 )  2 . 6 9 0 ( 5 )
Mean 2 .703

o ( I ) - - o ( 2 ) x 2  2 , 8 1 3 ( 5 )
o 'd ( I )x2  2 .778(5)

o ( 2 ) - o H ( r ) x 2  2 . 7 8 I ( 5 )
Mean 2 .79 I

(shared)

0c tahedron M(2)*

2 . 0 8 5 ( 4 )  o ( r ) - - o ( 2 )  3 . 0 7 7 ( 5 )
2 . 0 7 8 ( 4 )  o H ( r )  3 . 0 7 5 ( 5 )
2 . 0 6 7 ( 4 )  o ( 2 ) - o H ( 1 )  3 . 0 8 1 ( 5 )
2 . 0 8 1 ( 4 )  o ( r A ) - O ( 2 A )  3 . 0 7 6 ( 5 )
2 . 0 8 5 ( 4 )  O H ( r A )  3 . 0 8 2 ( 5 )
2 .065<4)  o (2A) -ou( rA)  3 .075(5)
2 .077 } lean 3 .078

(unshared)

0 ( 1 ) - - o ( r A )  2 . 8 r 8 ( 6 )
o H ( 1 A )  2 . 7 7 8 ( 4 )

0 ( 2 ) - - 0 ( 1 A )  2 , 8 r 3 ( 5 )
o ( 2 A )  2 . 8 1 4 ( 6 )

o H ( 1 ) - - o ( 2 A )  2 . 7 8 1 ( 5 )
o n ( l A )  2 . 7 3 3 ( 6 )

l ' lean 2.790
( shared )

Octahedron M(3)*

(unshared)

on(2) -oH(2A)  2 .778(1)
o r r ( 3 4 )  2 , 6 1 5 ( 5 )

o H ( 3 ) - o H ( 3 4 )  2 , 7 8 7 ( 1 )
o H ( 4 A )  2 . 6 0 r ( 5 )

oH(4) -oE(4A)  2 .785(7)
o H ( 2 A )  2 , 6 0 3 ( 5 )

Meau 2 ,695
( shared )

o (2 ) - - o (3 )  1 r0 .9 (2 )
o ( 4 )  r l r , r ( 2 )
o ( 5 )  r r 0 . 6 ( 2 )

o (3 ) - - o (4 )  r 07 .8 (2 )
o ( 5 )  r 0 8 . 3 ( 2 )

0 (4 ) - - o (5 )  r 08 .0 (2 )
I l e a n  1 0 9 , 5

o ( r ) - - o ( 2 ) x 2  8 4 . 8 ( 2 )
o H ( l ) x 2  8 4 . 1 ( r )

o ( 2 ) - o H ( l ) x 2  8 4 , 1 ( I )
Mean 84 .3

(shared)

0 ( r ) - - o ( 2 )  9 5 . 3 ( r )
o H ( r )  9 5 . 6 ( r )

o ( 2 ) - o H ( r )  9 6 . 0 ( r )
o ( r A ) - o ( 2 A )  9 5 . 2 ( r )

o H ( r A )  9 6 . r ( r )
o ( 2 A ) - o H ( r A )  9 5 . 6 ( 1 )

llean 95.6
(unshared )

o ( r ) - - o ( r A )  8 5 . 1 ( 1 )
o H ( r A )  8 4 . 0 ( r )

o ( 2 ) - - 0 ( r A )  8 5 . 1 ( 1 )
o ( 2 a )  8 5 . 0 ( l )

o H ( r ) - - o ( 2 A )  8 4 . r ( r )
o H ( r A )  8 2 . 8 ( r )

Mead 84,4
(shared)

o ( 1 ) - - 0 ( l A )  2 . 8 2 r ( 7 )  o ( 1 ) - - o ( 1 A )  8 s . 3 ( 2 )
o H ( 1 A )  2 . 7 7 3 ( 5 )  o H ( r A )  8 4 . O e )

o ( 2 ) - - 0 ( r A )  2 . 8 1 4 ( 5 )  o ( 2 ) - - 0 ( r A )  8 5 . 2 ( 2 )
o ( 2 A )  2 . 8 L 9 ( 1 )  o ( 2 A )  8 5 . 1 ( 2 )

o H ( r ) - - o ( 2 A )  2 . 7 1 r $ )  o H ( r ) - o ( 2 A )  8 3 . 8 ( 2 )
o H ( r A )  2 . 7 2 4 ( 8 )  O H ( t a )  8 2 . 7 ( 2 )

Mean 2 ,787 Meao 84.4
(shated)  (shared)

Octahedron l t (3 ) *

o ( r ) - - o ( 2 ) x 2  8 5 . 0 ( 2 )
o n ( r ) x 2  8 4 . 1 ( 1 )

o ( 2 ) - o H ( r ) x 2  8 4 . I ( 1 )
Mean 44.4

(shared)

o ( r ) - - o ( 2 )  9 5 . 2 Q )  o ( l )
o u ( r )  9 5 . 7 ( 2 )  o ( 2 )

o ( 2 ) - o H ( r )  9 5 . 0 ( 2 )  o H ( 1 )
o (  r A ) - o ( 2 A )  e 5  . 3 ( 2 )  o (  r A )

o n ( r A )  9 6 . r ( 2 )  o ( 2 A )
o ( 2 A ) - o H ( ( A )  9 5 . 7 ( 2 )  o H ( r A )
ltean 95.7 Mean

(unshared)

(  unshared)

o H ( 2 ) - O H ( 2 A )  8 4 . 0 ( 2 )
o l { ( 3 Q )  7 8 . 0 ( 2 )

o H ( 3 ) - o H ( 3 A )  8 3 . 9 ( 2 )
or r (4A)  78 .  r  (2 )

oH(4) - {H(4A)  84 .0(2)
or r (2A)  78 .0(2)
Mean 81.0

( 6hared)

o l l ( 2 )  2 . o 1 2 ( 4 )  O n ( 2 ) - o r r ( 3 )  3 , r 4 5 ( 6 )  o H ( 2 ) - o r r ( 3 )  9 8 , 8 ( 2 )  o n ( 2 )  2 . 0 7 4 ( 4 )  O H ( 2 ) - O t { ( 3 )  3 . i 5 4 ( 5 )  O l r ( 2 ) - o H ( 3 )  9 9 . 0 ( 2 )
oH(2A)  2 .068(4)  OH(4)  3 .150(5)  oH(4)  99 .2(2)  oH(zA)  2 .072(4)  OH(4)  3 ,152(5)  oH(4)  98 .9Q)
oH(3)  2 .069(4)  oH(2A) -oH(3A)  3 ,152(5)  on(2A) -Or { (3A)  99 . r (2 )  On(3)  2 .O75(4)  on(2A) -or r (34)  3 . r58(5)  oH(2A) -oH(3A)  98 .9(2)
oH(3A)  2 .o75G)  oE(  A)  3 .147(5)  oH(4A)  99 .2(2)  oH(3A)  z .o94( ]9 . )  oH(4A)  3 . r57(5)  oH(4A)  99 .3(2)
o l i ( 4 )  2 . 0 6 4 ( 4 )  o n ( 3 ) - o H ( 4 )  3 . 1 4 6 ( 5 )  o l l ( 3 ) - o H ( 4 )  9 9 . 2 ( 2 )  o H ( 4 )  2 . o 7 5 ( G )  o H ( 3 ) - o H ( 4 )  3 . 1 6 1 ( 5 )  o H ( 3 ) - o n ( 4 )  s s . 3 ( 2 >
oI I (4A)  2 .o65G)  o l t (3A) -oH(4A)  3 .145(5)  oH(3A) -on(4A)  98 .9(2)  oH(4A)  2 .o t t? )  o r r (3A) -or r (4A)  3 . r55(5)  oH(3A) -oH(4A)  98 .g(2)

Mean 2 .069 Meao 5 :Ta8-  Mean 99J  Mean 2 .0 i5  Mean 3 .156 Mean 99.0
(unshated)

oH(2) -Or { (24)  84 .1(2)
o H ( 3 A )  7 8 . 0 ( 2 )

oH(3) -oH(3A)  84 .2(2)
o H ( 4 A )  7 7 . 7 ( 2 )
oH(4A)  84 .4(2)

oH(4) -o r r (2A)  77 .8(2)
Mean 81.0

( shared)

for Si. In all l0 chlorites ofthis study the octahedral
trivalent cations have segregated in the interlayer
sheet. Theoretically some of these trivalent cations
could go in the 2: I octahedral sheet, where they
would be closer to the source of negative charge on

the tetrahedral sheets, but they do not do so. The in-
terlayer sheet requires an overall positive charge for
its stability, and this is provided by substitution of
R'* for R2* in that sheet. It is likely that only the R3*
in excess of the amount required for interlayer stabil-



t20 PHILLIPS ET AL.: CHROMIAN CHLORITES

Table 6. (continued)

Day Book Body'  N. C.

Bond Lengths ( .4.)  Bond Aogle€ ( ' )

s i€k iyou Co. '  Ca1 i f .

Bond Ledgths (i) Bond Angles (')

o H ( 2 )
oH( 3 )x2
oH(4)x2
llean

Hydrogen Bond6

H ( 1 ) - o H ( r )  0 . 9 9 8 ( 4 )

u ( 2 ) - o H ( 2 )  0 . 8 s 4 ( 4 )  o ( 5 ) - l r ( 2 ) - o H ( 2 )  1 7 1 . 5 ( 3 )
o H ( 2 ) - - o ( 5 )  2 . 9 1 5 ( 6 )

H ( 3 ) - o H ( 3 )  0 . 9 1 5 ( 4 )  o ( 3 ) - n ( 3 ) - o H ( 3 )  1 6 2 . 5 Q )
oH(3) - -o (3)  2 .907 (6 )

H(4) -oH(4)  0 .899(4)  o (4) -H(4) -oE(4)  165.3(3)
oH(4) - -o (4)  2 .893(6)

Interl€yer Cation to Tetrahedral Cation*

ideal*
M ( 3 ) - - r ( r )  4 . 7 0 9 ( 3 )  4 . 7 4 r

T ( r A )  4 . 7 4 4 ( 3 )  4 . ' t 4 r
'E(2)  4 .745(3)  4 .737
r ( 2 A )  4 . 7 0 7 ( 3 )  4 . 1 3 7
Mean 4,726

ideal*
u(4) - - r ( r  )  4 .744(2)  4 .737

T( rA)  4 .744(2)  4 .737
r ( 2 )  4 . 1 4 4 ( 2 )  4 . 1 4 r
T(2A)  4 . ' t44Q)  4 .74r
Mean 4.744

Octahedron H(4)

o l r (2 )x2  L967(4)  OH(2) -OH(3)x2  2 .928(5 ,  OH(2) -OH(3)x2
oH(3)x2  I .960(4)  OH(4)x2  2 .93L$)  oH(4)x2
on(4)x2  1 .953(4)  O l r (3 ) -OH(4)x2  2 .923(5)  oH(3) -OH(4)x2
Mean 1.960 l ' lean 2.927 Mean

(unshared) (uoehared)

oH(2) -oH(3)x2  2 .6L6(5)  on(2) -oE(3)x2
oH(4)x2  2 .603(5)  OH(4)x2

oH(3) -OH(4)x2  2 .601(5)  oH(3) -OH(4)x2
ilean 2.607 llean

(shared)  (shared)

llydrogen Bonds

H ( r ) - o H ( r )  0 . 9 I 3 ( 3 )

H ( 2 ) - o H ( 2 )  0 . 9 7 1 ( 3 )  o ( 5 ) - H ( 2 ) - o H ( 2 )  1 5 4 . 8 ( 2 )
oE(2) - -o (5)  2 .914(5)

H(3) -oH(3)  0 .958(3)  o (3) -E(3) -oH(3)  166.6(2)
o l r (3 ) - -o (3)  2 .913(5)

H(4) -o t { (4 )  0 .984(3)  o (4) -H(4) -oH(4)  165.3(3)
oH(4) - -o (4)  2 .852(5)

Interlayer Cation to Tetrahedrel Cation*

ideal**
r . { (3 ) - - r (1 )  4 .708(3)  4 .74r

r ( l A )  4 . 7 5 r ( 3 )  4 . 7 4 r
r ( 2 )  4 . 7 4 9 ( 3 '  4 . 7 3 7
r ( 2 A )  4 . 7 0 9 ( 3 )  4 . ' t 3 7
Me4n 4.729

ideal**
M ( 4 ) - - r ( r )  4 . 7 4 9 Q )  4 . 7 3 7

r ( r A )  4 . 7 4 9 ( 2 )  4 . 7 3 7
r ( 2 )  4 . 7 5 1 ( 2 )  4 . 7 4 1
r ( 2 A )  4 . 7 5 I ( 2 )  4 . 7 4 r
Mean 4 ,750

Octahedron M(4)

1 . 9 6 r ( 4 )  o H ( 2 ) - o l l ( 3 ) x 2  2 . 9 3 5 ( 5 )
1 .967(4)  o l l (4 )x2  2 .934(5)
I . 9 6 0 ( 4 )  o H ( 3 ) - o H ( 4 ) x 2  2 . 9 4 0 ( 6 )
I .963 l lean  2 ,936

(unshared)

o I { (2 ) -o l l (3 )x2  2 .6 I0 (5)
o H ( 4 ) x 2  2 . 5 0 I ( 5 )

on(3) -on(4)x2  2 .603(5)
Mean 2,605

( shared)

on(2) -oH(3)x2  96 .7(2)
oE(4)x2 96.9Q)

o l l (3 ) -oE(4)x2  97 .0(2)
Uean 96.9

( unEhared)

o E ( 2 ) - o H ( 3 ) x 2  8 3 . 3 ( 2 )
o H ( 4 ) x 2  8 3 . I ( 2 )

on(3) -oH(4)x2  83 .0(2)
Mean 83.1

( shared)

9 6 . 4 ( l )
9 6 . 8 ( 1 )
9 6 . 7 ( r )
9 5 . 6

8 3 . 6 ( 2 )
83 .2(2)
81 .2(2)
8 3 . 3

* Atore such a6 x(1A) are lelated to X(1) atons by m inuersi.on eenter.
** Ideal It--I diltmces ea|.qlated wing ideal atorie eoordi,rutes for poLytgpe frb-4 in BaiLeg md BrM (1962)'

ity will enter the 2: I octahedral sheet. This does not
happen in these chlorites because the layer charges
are all smaller than the average charge of -1.31

found in a survey of lll IIb chlorites by Bailey and
Brown (1962).

Two factors are thought to play a part in localizing
the Cf* in the M(4) site within the interlayer:

(l) Minimization of cation repulsion would tend to
localize the Cr3* and other trivalent cations ln the
M(4) site, as M(4) is farther away from the Si,Al ions
in the tetrahedral sheets above and below the inter-
layer than is M(3). Although in the ideal chlorite
structure these two sites are equidistant from the
Si,Al cations, the actual structure is distorted by a
small displacement of 2: I layers on opposite sides of
the interlayer that appears to be due to repulsion by
M(4). This would not be the case if the Cr3* segre-
gated into the M(3) sites because the geometry of su-
perposition of layers around M(3) is quite different.

This effect is illustrated in Figure 2, and the M-T
bond lengths involved are shown in Table 6.

(2) As a cooperative effect, in addition to the
charge minimization effect above, the transition met-
als would gain additional stability in the same oc-
tahedral site as Al because of the smaller size of that
octahedron. The crystal field splitting parameter will
be considerably larger because of the smaller averag€
size of the M(4) cation. Although M(4) is a more reg-
ular octahedron than M(3) (Table 5), this factor
should have no influence on the distribution of Cf*,
Fe3*, or Ni2* because of their lack of preference for
regular or distorted octahedral sites (Burns, 1970).

The mean tetrahedral bond lengths in Table 7
show that no ordering of Al occurs between the two
independent tetrahedra and, as discussed previously,
refinement of four possible tetrahedral ordering
models in a lower symmetry also yielded no evidence
of ordering. As shown in Figure 2, the tetrahedra are
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Table 7. Cation site occupancies and bond lengths Triclinicity

One surprising aspect of this study was the ob-
served value for the cell angle a (90.45" and 90.53",
respectively, for the Day Book Body and Siskiyou
County chlorites). This triclinic slewing of the struc-
ture has not been reported for chlorites before. It is
proposed that cation repulsion between the tetrahe-
dral cations and the trivalent cations in the M(4) in-
terlayer site offsets the tetrahedral sheets above and
below the interlayer so that the cell angles a and B
are increased relative to their ideal values (Fig. 2).
We have suggested already that the capability of dis-
torting the structure in this manner is one of the rea-
sons the trivalent interlayer cations prefer to locate in
M(4). After the slewing effect the mean M(4)-T dis-
tance is signiflcantly greater than the mean M(3)-T
distance (Table 6). The two shortest distances around
the M(3) site are to be expected as they are on the
line of direction of offset of the tetrahedral sheets. A
rough calculation shows that the offset of the tetrahe-
dral cations along Y [derived by subtracting the ob-
served y coordinate of T(l) from the ideal coordinate
given in Bailey and Brown (1962)l is of the same or-
der of magnitude, when projected over the entfte Z
distance, as the observed offset of the entire structure
along Y(0.llA calculated vs. 0.13A observed). From
this it is evident that the magnitude of the offset
along Y (and thus the a angle) can be accounted for
solely by the cation repulsion effect. Observation of a

c a t i o o Calculated Observed
Sond Length Mean Bond

(I)  Lengrh ( .8)

Day Book Body,  N.  C.

M(1)  M8.99A1.0r

M ( 2 )  M 8 . 9 9 A 1 . 0 r

I l (3 )  
"B ,99o1.  o r

1+ ,t
M ( 4 )  A r . o r c ' . 2 : F " l o + F " ] o a N i . o z

T ( 1 ) , r ( 2 )  s i . 7 6 A 1 . 2 4

Sisk iyou Co.  ,  Ca l i f  ,

M( r )  
"8 .98o1.02

u ( 2 )  M g . g e A l . o z

M ( 3 )  
" B . 9 a o 1 . o z

1+ 1L
M ( 4 )  A 1 . o z c ' . 2 5 F " l o 6 F " l o e N i - o r

T ( 1 ) , r ( 2 )  s i . z s A l . z 5

2 . 0 8 8

2  . 0 8 8

2 . 0 6 4

r . 9 2 0

1 . 6 5 5

2 .087

2 .087

2 .067

1 . 6 5 6

2 . 0 1 5

2 . O 7 5

2 . 0 6 9

1 . 9 6 3

I . 6 5 4

2 . 0 7 8

2 . 0 7 6

2 . 0 1  5

1 . 9 6 0

1 . 6 5 6

M--0 bond fengths cafcufateal from the radii of Shannon
(1976) .  T - -0  bond lengLhs ca jcu fa te i l  f rom eq\a t jon  f  in  Baur
( 7 9 / 8 ) .

approximately equidistant from the trivalent M(4)
site, and thus no driving force for ordering due to
charge balance exists [in contrast to the Ia chlorite
configuration of layer-interlayer, where ordering of
tetrahedral Al produces local charge balance (Brown
and Bailey, 1963)1. For the IIb-4 polytype a dis-
ordered tetrahedral Si,Al distribution provides the
most favorable balance of charge around M(4).

r--+
I

I

x

Fig. 2. Interlayer cations in relation to tetrahedral sheets above (lines) and below (dots). Directions of layer offset due to cation
repulsion are shown by arrows.
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triclinic angle d in allb-4 chlorite, therefore, can be
regarded as evidence for substantial ordering of a tri-
valent cation in the M(4) interlayer site. We have
measured a: 90.43" for the ordered Kenya chlorite
studied by Steinfink (1958). We would expect a :

90o only for disordered or incompletely ordered IIb-
4 chlorites, and we would regard such chlorites as
less stable than the fully ordered specimens.

Conclusions

The one-dimensional projections and the three-di-
mensional refined structures show the Cf* to occur
in octahedral interlayer coordination, in agreement
with the findings of Bish (1977). For the IIb-4 poly-

type it is evident from bond lengths and scattering
factors that Cf*. AL and Fe'* concentrate in the
M(4) site within the interlayer. We therefore con-

clude that Lapham's (1958) classification based on
the structural location of Cr3* is no longer applicable,
and propose, as suggested previously by Bayliss
(1975) and Bish (1977), that the names kotschubeite
and kiimmererite be dropped and that the prefix

"chromian" be applied to the accepted Mg-Fe chlo-
rite species nomenclature. According to the sim-
plified nomenclature recommended by Bayliss, all
ten chlorites in this study are chromian clinochlores
because Mg is the dominant divalent cation.
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